Abstract-There exists a trade-off between energy consumption and spectral efficiency in wireless communication systems under quality of service (QoS) constraints. This paper studies the use of effective capacity theory to characterise the maximum supported channel capacity over fading channels whilst considering both QoS constraints and energy consumption. Moreover, a generalised fading channel model, i.e., the hyper Fox's H fading model, is considered that includes many practical fading channel models as special cases, e.g., Rayleigh, Rician, Weibull and Nakagamifading channel models. The results are readily applicable to design energy-aware communication systems over fading channels with QoS constraints, e.g., wireless sensor networks and smart grid communication systems.
considered, where Rayleigh fading channels were considered. In [4] , the problem of maximum the effective capacity with optimum bit energy over Nakagami-fading channels was analysed. However, most existing work built on Rayleigh or Nakagami-fading channels, whereas a general quantified analysis over practical fading channels has been insufficiently studied.
In this paper, we consider the communication systems' energy performance under statistical QoS constraints over hyper Fox's H fading channels, which is a generalized fading model including many practical fading models as special cases, e.g., Rayleigh, Rician, Nakagami-, Weibull, Weibull/Gamma and Generalized fading model. In this way, the derived quantified analysis of energy performance and spectral efficiency is readily applicable to the analysis of the aforementioned fading channels, which can be used in designing energy-aware communications.
II. SYSTEM MODEL

A. Channel Model
In this paper, a point-to-point communication system model similar to the one studied in [1] and [4] is considered, which is shown in Fig. 1 . We assume that only the receiver has perfect channel state information (CSI) and the channels are flat block fading. Thus the channel input-output relation is given by [4] 
where 
where = √ −1, ∕ = 0 and ℒ is a suitable contour. The function Φ ( ) is defined by [6] 
Further, we define the following function
which will be used to deduce the spectral efficiency metric in the following part.
C. Effective capacity theory
Effective rate is the maximum constant rate that a fading channel can support under statistical delay constraints. The effective capacity of the service process can be written as [2] ( , ) = − 1 ln
where represents the system's throughput during a single time block and denotes the duration of a time block. The QoS exponent is given by [2] 
where is the equilibrium queue-length of the buffer at the transmitter, and Pr{⋅} is the probability of an event. The QoS exponent has to satisfy the constraint ≥ 0 , where 0 is the minimum required QoS exponent. Larger 0 corresponds to a tighter delay constraint, whereas 0 = 0 implies no delay constraints. Also when 0 → 0, the effective capacity approaches the Shannon's channel capacity [7] .
III. EFFECTIVE CAPACITY OVER GENERAL FADING CHANNELS
According to Shannon's theory, if we want to improve the spectral efficiency, i.e. transmit more bits under the same bandwidth, a direct way is to increase the SNR, which can be achieved by increase the transmit power. But in practical, increase the transmit power will usually result in higher energy consumption and more interference to other transceivers. In this section, we will quantify the relation between bit energy and spectral efficiency under a dedicated QoS constraint.
In this paper, the energy per information bit / 0 (in dB) is used as the metric for energy performance, which can provide a unified way to measure and compare the energy performance between different wireless communications systems [4] . Moreover, effective capacity normalized by bandwidth ( , ) (in bit per second per hertz) is used as the metric for spectral efficiency. Specifically, the spectral efficiency metric is defined as [1] 
The effective capacity is a concave function of the SNR and the minimum bit energy is achieved as → 0 [1] , where the effective capacity can be approximated by (
where 0 denotes the capacity slope in bits/s/Hz/(3dB) and / 0min is the minimum energy per information bit required under QoS constraints, which are given by [ 
where ′ (0, ) and ′′ (0, ) denote the first and second order partial derivatives with respect to evaluated at =0.
When considering hyper Fox's H fading channels, these metrics can be calculated via the following theorem. Theorem 1: When only the receiver has perfect CSI, the bit energy, spectral efficiency and QoS exponent can be quantified by (10) , with the minimum bit energy 0 min and capacity slope 0 under hyper Fox's H fading channel given by
where = ln2 and the function Ψ( ) is defined in (6) .
Proof: By calculating the first and second order partial derivatives with respect to using (9), we have Remark: It can be seen that the minimum required bit energy is only related to the average channel gain and it does not depend on specific channel fading parameters, which is consistent with [1] . The capacity slope 0 depends not only on the QoS requirement , but also fading parameters. In this context, the bit energy can be adjusted according to the communication requirements that realises the energy-aware communication while providing statistical QoS guarantees.
As discussed in Section II-C, when = 0, there is no delay requirement on the transmission. Hence the effective capacity becomes Shannon capacity, and the metrics can be used in traditional Shannon capacity analysis by letting = 0, which can be calculated by the following corollary. Corollary 1: When only the receiver has perfect CSI and there is no delay constraint, the minimum bit energy and capacity slope under hyper Fox's H fading channel reduce to
Proof: These results can be obtained by substituting = 0 into Theorem 1.
Hyper Fox's H fading model is a general model, but its parameters have physical meaning only when specific fading model is considered. Hence in the following, we consider several typical and practical fading models, namely Rayleigh, Weibull, Nakagami-, Weibull/Gamma and Generalized fading channels as examples to show the usage of Theorem 1. All these fading models are special cases of hyper Fox's H fading model.
• Rayleigh fading: If there are only non-light-of-sight paths, measurements show that the Rayleigh distribution can characterize the statistical distribution of the received signal's envelop [8] . The instantaneous SNR parameter sequences for Rayleigh distribution are [8, Table IX ] O = (1, 0, 0, 1) and P = (1, 1, -,
2 ). By using Theorem 1, the capacity slope can be given by 0 = 2 +2 .
• Nakagami-fading: The Nakagami-distribution has been first introduced in [9] , which can characterize the envelop of the received signal propagating in ionospheric and tropospheric environments. The instantaneous SNR parameter sequences are [8, Table IX ] O = (1, 0, 0, 1) and P = ( Γ( ) , , -, − 1, -, 1) , where describes the fading severity. The capacity slope can be given by 0 = 2 + +1 . The Nakagami-fading includes the Rayleigh fading ( = 1) as special cases and it can approximate Nakagami-(or Hoyt) fading ( < 1) and Rician fading ( > 1).
• Weibull fading: Weibull fading model can characterize the effect of clusters of multipath waves propagating in nonhomogeneous environment [7] . The instantaneous SNR parameter sequences are [8, [10] . The instantaneous SNR parameter sequences for Weibull/Gamma fading model are [8, Table IX ] O = (2, 0, 0, 2) and P = ( 2 ) ), where the fading severity parameter > 0 and shadowing figure ≥ 0. The capacity slope can be given by
. This model reduces to
Weibull fading model when = 0.
• Generalized -fading: Generalized -fading model has been first introduced in [11] to model the intensity of radiatio scattered with a non-uniform phase distribution, which accounts for the composite effect of Nakagamimultipath fading and gamma shadowing. The instantaneous SNR parameter sequences for generalizedfading model are [8, Table IX . Specially, when = 0, the generalized -fading reduces to the Nakagami-fading. Here we list the capacity slope 0 of the aforementioned typcial fading channels in Table I . It can be verified that when = 0, these results coincide with [8] . Nakagami-
IV. NUMERICAL RESULTS
In order to verify the the quantified relation among energy performance, spectral efficiency and QoS exponent, simulations under Weibull/Gamma fading channels have been carried out. The spectral efficiency is approximated using (10) , where the parameters are calculated using Table I . Without loss of generality, the duration of a time block = 1 ms and the bandwidth of the system = 1 kHz are assumed. For each simulated scenario, we run 10 7 trails with unit power. It can be seen that the proposed approximation fits tight with the simulation resutls in Fig. 2 . The results in the case = 3, = 0, = 0 denote the Shannon capacity under Weibull fading channels, which agree with the results in [8] and support the validation of our derivation. With the same spectral efficiency and QoS constraint, the bit energy under different fading severity and shadowing figure is shown in Fig. 3 . The increase of multipath fading is indicated by the decrease of fading severity , while the shadowing gets sever indicated by the increase of the shadowing figure . It can be seen from Fig. 3 , in order to fight against the fading effect caused by multipath fading and shadowing, the energy required to maintain the same spectral efficiency is increased in an exponential way.
It gives a more general view of the effect of QoS requirement and energy efficient metric / 0 on the spectral efficiency in Fig. 4 . It is indicated from both Fig. 2 and Fig. 4 that under the same bit energy, the spectral efficiency decreases as the delay requirement becomes more strigent, which is corresponding to the increase of QoS requirement . When the fading parameters are known as a prior, the quantified relation as proposed in Theorem 1 can be used in the study of trade-offs between spectral efficiency and energy performance. V. CONCLUSION In this paper, the relationship between bit energy and spectral efficiency has been studied considering the hyper H fading channel and QoS requirements. The results have shown that the proposed approach is readily applicable to various fading channels. The bit energy consumption decreases as the QoS requirement increases. It is noteworthy highlighting that by using the quantified relationship among bit energy, spectral efficiency and QoS requirement, we can adjust the energy consumption of a wireless communication system according to the QoS requirement and channel condition. This result can be used as an important foundation to realise energy-aware communications in real-time applications over fading channels with QoS constraints.
